WRKY transcription factors are key players in the plant immune response, but less is known about their involvement in antiviral defense than about their roles in defense against bacterial or fungi pathogens. Here, we report that Arabidopsis thaliana WRKY DNAbinding protein 8 (WRKY8) has a role in mediating the long-distance movement of crucifer-infecting tobacco mosaic virus (TMVcg). The expression of WRKY8 was inhibited by TMV-cg infection, and mutation of WRKY8 accelerated the accumulation of TMV-cg in systemically infected leaves. Quantitative RT-PCR analysis showed that the expression of ABA insensitive 4 (ABI4) was reduced and the expression of 1-aminocyclopropane-1-carboxylic acid synthase 6 (ACS6) and ethylene response factor 104 (ERF104) was enhanced in the systemically infected leaves of wrky8. Immunoprecipitation assays demonstrated that WRKY8 could bind selectively to putative W-boxes of the ABI4, ACS6, and ERF104 promoters. Furthermore, TMV-cg infection enhanced WRKY8 binding to the ABI4 promoter but reduced the binding of WRKY8 to the ACS6 and ERF104 promoters, indicating that regulation of ABI4, ACS6, and ERF104 by WRKY8 is at least partially dependent on TMV-cg. Exogenous applications of abscisic acid (ABA) reduced the systemic accumulation of TMV-cg. Mutations in ABA deficient 1, ABA deficient 2, ABA deficient 3, or abi4 accelerated systemic TMV-cg accumulation. In contrast, exogenous application of aminocyclopropane-1-carboxylic acid enhanced the systemic accumulation of TMV-cg, but mutations in acs6, erf104, or an octuple acs mutant inhibited systemic TMV-cg accumulation. Our results demonstrate that WRKY8 is involved in the defense response against TMV-cg through the direct regulation of the expression of ABI4, ACS6, and ERF104 and may mediate the crosstalk between ABA and ethylene signaling during the TMVcg-Arabidopsis interaction.
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WRKY8 regulation | virus movement | ABA signaling | ET signaling T he interaction between plants and viral pathogens reflects a sophisticated coevolution of recognition, defense, and counter-defense mechanisms. Although plant viruses are among the least genetically complex pathogens, they use a variety of strategies to suppress or bypass host defense and then promote their infection of susceptible hosts. In plants, these strategies involve enhancing infection by manipulating host resources, such as the formation of replication complexes (1) , enlargement of the plasmodesma size-exclusion limit (2, 3), evolution of viral suppressors of RNA silencing to counteract antiviral silencing (4) , interference with regulation of the plant cell cycle (5, 6) , and using host components for its own replication (7) .
In turn, plants have evolved intricate mechanisms to fight viral infection, such as pathways mediated by gene silencing, hormone-mediated signaling pathways, and regulation of metabolism (8) (9) (10) (11) . In addition to a conserved sequence-specific system of gene regulation, recent research demonstrated that RNA silencing also functions as an adaptive inducible antiviral defense pathway (10, 11) . In plants, several important RNA-silencing components, such as RNA-dependent RNA Polymerase 6 (RDR6), dicer-like 2/4 (DCL2/4), Argonaute 1 (AGO1), and double-stranded RNA-binding protein 4 (DRB4), constitute the host's silencing machinery involved in antiviral defense, which involves the production of viral siRNA or the formation of RNA-induced silencing complexes that target viral RNAs for destruction (12) (13) (14) (15) (16) (17) (18) . In addition to RNA silencing, several plant hormones are involved in plant basal defense responses in plant-virus interactions. For example, up-regulation of less susceptible to BSCTV 1 (LSB1) affects geminivirus Beet severe curly top virus (BSCTV) infection by activating the salicylic acid (SA) pathway (9) . Research showed that abscisic acid (ABA) has a positive effect on virus infection by inhibiting the transcription of a basic β-1,3-glucanase (PR2) (19) . For ethylene (ET), two ET-signaling mutants, constitutive triple response 1 (ctr1) and ethylene insensitive 2 (ein2), showed no obvious differences between the wild type and mutants in the GFP fluorescence of cells within local lesions but showed reduced susceptibility to cauliflower mosaic virus (CaMV) infection upon systemic infection of leaves, implying that ET-dependent responses play an important role in mediating long-distance virus movement (20, 21) .
Infection of viruses induces the expression of host genes mainly at the level of transcription and may contribute to resistance against virus infection. Plants devote a large portion of their genome capacity to transcription, with the Arabidopsis (Arabidopsis thaliana) genome encoding more than 2,100 transcription factors (22) . These transcription factor genes often belong to large gene families, which in some cases are plant specific. Among them, the WRKY transcription factors comprise one large family of regulatory proteins in plants. In Arabidopsis, the WRKY transcription superfamily consists of an estimated 74 members that fall into three major structural groups, based on both the number of WRKY domains and the features of their zinc finger-like motifs (23) (24) (25) . Although discovered relatively recently, the WRKY transcription factors are becoming one of the best-characterized
Significance
Previous studies have shown that abscisic acid (ABA) has a positive effect on virus infection, and ethylene has a negative effect. However, the possible crosstalk between ABA and ethylene signaling during plants-virus interaction remains unclear. Our current results demonstrate that WRKY8 is involved in the defense response against crucifer-infecting tobacco mosaic virus (TMV-cg) through the direct regulation of the expression of ABI4, ACS6, and ERF104 and thus may mediate the crosstalk between ABA and ethylene signaling during the TMV-cg-Arabidopsis interaction.
classes of plant transcription factors. Genetic and molecular studies during the past decade have demonstrated that WRKY transcription factors participate in various biotic/abiotic stress responses and several developmental and physiological processes, including embryogenesis, seed coat and trichome development, leaf senescence, regulation of biosynthetic pathways, and hormone signaling (25, 26) . For example, disruption of WRKY33 or WRKY4 enhanced Botrytis cinerea's susceptibility to necrotrophic fungal pathogens (27, 28) , and several members of group III WRKY factors may function as positive regulators of basal resistance against the biotrophic pathogen Pseudomonas syringae (29) (30) (31) . Our recent studies have shown that WRKY25, WRKY26, and WRKY33 coordinate induction of plant thermotolerance, because mutations of these three genes render the mutant plants more sensitive to heat stress (32) . On the other hand, WRKY34 negatively mediates the mature pollen-specific cold stress response by regulating the expression of C-repeat?DRE binding factor (CBF) transcriptional activators (33) . Another study showed that tobacco transcription factor WRKY4 (NtWRKY4) is involved in antiviral defense and leaf morphogenesis in tobacco (34) . Thus, we can deduce that WRKY transcription factors are significantly involved in the tight regulation and fine-tuning of the complex signaling and transcriptional networks of both plant stress responses and developmental processes.
Despite their functional diversity, WRKY proteins recognize and bind cis-acting DNA elements with the minimal consensus T/CTGACC/T (W-box) sequence, which often is found in the promoters of putative target genes (23, 35) . However, little is known about the specific interaction of a given WRKY protein with a defined target gene. Recent studies using ChIP analysis showed that WRKY40 regulates the expression of several important ABA-responsive genes [such as ABRE binding factor 4 (ABF4), ABA insensitive 4 (ABI4), ABA insensitive 5 (ABI5), dehydration response element B1A (DREB1A), MYB domain protein 2 (MYB2), and RAB GTPase homolog B18 (RAB18)] in ABA signaling (36) . WRKY40 also modifies the transcript level of several defense-related genes, including enhanced disease susceptibility 1 (EDS1), redox response transcription factor 1 (RRTF1), and jasmonate-ZIM-domain protein 8 (JAZ8), through direct in vivo interaction with the W-box sequence upstream of their promoters (37) . Recently, Birkenbihl and coworkers (38, 39) showed that WRKY33 directly regulates the expression of various distinct components of defense pathways during B. cinerea infection. Our results also showed that activated expression of WRKY57 confers drought tolerance in Arabidopsis by directly binding the W-box of response to dessication 29A (RD29A) and nine-CIS-epoxycarotenoid dioxygenase 3 (NCED3) promoter sequences (40) . Identification of important components that are regulated directly by WRKY transcription factors will add to our understanding of stress-induced signaling pathways.
Crucifer-infecting tobacco mosaic virus (TMV-cg) belongs to the crucifer-infecting Tobamovirus subgroup (41, 42 ) and can Fig. 1 . Mutation of wrky8 affects the accumulation of TMV-cg in systemically infected leaves. The third, fourth, and fifth true leaves of 26-d-old wildtype and wrky8 mutants were inoculated with TMV-cg (5 μg/mL solution in 5 mM sodium phosphate, pH 7.5). RNA samples were prepared from systemically infected leaves of six plants inoculated with TMV-cg for 3, 4, 5, 6, and 7 d, respectively, and were probed with a TMV-cg coat protein (CP) cDNA fragment. Ethidium bromide-stained rRNA was used as a loading control. These experiments were repeated three times with similar results. FL, full length. replicate and spread systemically in Arabidopsis. Thus, TMV-cg constitutes an excellent model with which to investigate host responses to infection by a compatible virus. In previous studies, we showed that WRKY8 is involved in regulating plant basal defense responses to both the necrotrophic fungal pathogen B. cinerea and the biotrophic bacterial pathogen P. syringae (43) and also plays a role in plant response to salt stress (44) . Here, we report that WRKY8 also functions as a positive regulator during TMV-cg's systemic infection. We demonstrate that mutation of WRKY8 makes plants more susceptible to TMV-cg infection. WRKY8 positively regulates ABI4 expression and negatively modulates ACS6 and ERF104 expression by directly binding to the W-box consensus motifs within their promoters. Thus, WRKY8 participates in plant-TMV-cg interaction by regulating both the ABA-and ET-signaling pathways.
Results
Mutation of WRKY8 Alters Responses to Viral TMV-cg Infection. In a previous study, WRKY8 was demonstrated to be involved in regulating plant basal defense responses (43) . Based on its induced expression by ABA and wounding treatments (see Fig. 2 A-C) (43), we hypothesized that WRKY8 also may be involved in antiviral defense responses. To clarify the potential functions of WRKY8, its roles in anti-TMV-cg responses were investigated. Three previously characterized wrky8 mutants were used (43) . To assay plants' responses to TMV-cg infection, we inoculated the third, fourth, and fifth true leaves of 26-d-old wrky8 mutants and wild-type plants with the virus. Viral RNA accumulated to similar levels in the inoculated leaves of wild-type and wrky8 mutant plants (Fig. S1 ). In upper systemic leaves of infected plants, viral RNAs [full-length viral genomic RNA and three subgenomic RNAs, i.e., I 1 , I 2 , and coat protein (CP)] were detected at 4 d postinfection (dpi) in wrky8 mutant plants but at 5 dpi in wildtype plants (Fig. 1) . The highest levels of viral RNA were detected at 6 dpi in wrky8 mutant plants and at 7 dpi in wild-type plants (Fig. 1) . Thus, TMV-cg virus accumulated more rapidly in the systemic leaves of infected wrky8 mutant plants than in the leaves of infected wild-type plants. These data indicate that WRKY8 might play an important role in preventing virus transmission from infected leaves to systemic leaves.
Temporal Expression of WRKY8. WRKY8 appears to act as a positive regulator during the compatible interaction of Arabidopsis with TMV-cg. β-Glucuronidase (GUS) staining and quantitative realtime PCR (qRT-PCR) then was used to examine the inducibility and temporal kinetics of WRKY8 expression during infection. As shown in Fig. 2A , there was a stronger GUS signal in bufferinoculated leaves than in leaves inoculated with TMV-cg. In buffer-inoculated leaves, the strongest GUS signal was observed at 2 dpi and decreased thereafter. In contrast, GUS expression was consistently lower and showed no peak of expression in leaves inoculated with TMV-cg. qRT-PCR results agreed with the results of GUS staining (Fig. 2B) . Thus, both GUS staining and qRT-PCR showed that expression of WRKY8 was inhibited by TMV-cg infection in local infected leaves. Wounding and TMV-cg infection had opposite effects on the abundance of WRKY8 transcript in local incubated leaves.
TMV-cg infects Arabidopsis systemically and causes mild disease symptoms (45) . The expression of WRKY8 was determined in systemically infected leaves. As shown in Fig. 2D , the expression of WRKY8 also was inhibited by TMV-cg infection in systemically infected leaves. The expression results showed that WRKY8 was inhibited during the course of TMV-cg infection and imply that WRKY8 may play an important role in anti-TMV-cg infection. ABA plays a positive role in antiviral disease resistance, and treatment with ABA could increase resistance to a virus (46) . Based on the induced expression of WRKY8 by ABA treatment (Fig. 2C ) (43), we hypothesized that WRKY8's function during TMV-cg infection may be mediated via ABA signaling. First, the expressions of ABA1, ABA2, ABA3, and ABI4 were investigated. As shown in Fig. 3 A and B, the expressions of ABA1, ABA2, and ABA3 were not significantly influenced by TMV-cg infection in wild-type plants, but the ABI4 expression was reduced during TMV-cg infection in the wild type. Furthermore, ABI4 was reduced more in systemically infected leaves in wrky8 mutant plants than in systemically infected leaves in wild-type plants (Fig. 3C) . These results suggested that ABA signaling might be involved in TMV-cg defense responses.
To determine the possible role of ABA in anti-TMV-cg resistance, the antiviral effect of ABA was investigated by infecting wild-type plants that were pretreated with ABA and plants that were not pretreated. As shown in Fig. 3D , the accumulation of TMV-cg in systemically infected leaves was both delayed and decreased in ABA-pretreated plants as compared with control plants (Fig. 3D) . Thus, ABA contributes to virus resistance. The aba1, aba2, aba3, and abi4 mutants then were used to analyze their possible role in antiviral defenses. As shown in Fig. 3E , higher accumulation of TMV-cg in upper systemic leaves was observed in aba1, aba2, aba3, and especially in abi4 mutants as compared with wild-type plants. These results demonstrated that ABA signaling plays important roles during plant-TMV-cg interaction and that WRKY8 may participate in TMV-cg resistance, at least partially through ABA signaling.
Expression Profiling to Identify Putative WRKY8 Targets. Infection by viruses causes the transcriptional reprogramming of their hosts, and the characterization of virally induced changes in host geneexpression patterns would provide valuable insight into the host's response to viral activity. Thus, to dissect the role of the WRKY8 protein during TMV-cg infection further, we profiled the gene expression of the wrky8-1 mutant by microarray analysis (Dataset S1). Interestingly, when the microarray results in the wild type and wrky8-1 mutant after inoculation with TMV-cg for 6 d were compared, a number of defense-related genes (such as PR1 and PR2) and ET-synthesized or -responsive genes (such as ACS6 and ERF104) showed higher expression in the wrky8-1 mutant (Table  S1 ). To confirm the validity of the microarray data, Northern blotting or qRT-PCR analysis was used to examine their expression levels. As shown in Fig. 4 , the expression levels of these four genes were higher in wrky8-mutant plants than in wild-type plants; these results were in accordance with the microarray data. Based on these results, we deduced that both SA-and ET-signaling pathways might contribute to TMV-cg resistance.
ET but Not SA Contributes to Virus Susceptibility. To determine the role of both SA and ET in antiviral resistance, we examined their antiviral effect by infecting wild-type plants that were pretreated with aminocyclopropane-1-carboxylic acid (ACC) or SA. As shown in Fig. 5C , ACC treatment dramatically increased the accumulation of TMV-cg in systemically infected leaves; however, SA had no obvious effect (Fig. S2A ). In the upper systemic leaves of infected plants, viral RNAs were detected at 4 dpi in ACC-treated plants but at 5 dpi in control plants (Fig. 5C ). The accumulation of viral RNA also was significantly higher in plants pretreated with ACC. Thus, ET, but not SA, contributes to virus susceptibility. Therefore, we further analyzed the role of ET in antiviral defense.
Based on the microarray data, the expression of ACS6 was one of the strongest among the ET-synthesized or -responsive genes upon TMV-cg infection in wrky8 mutants. Thus, acs6 mutants were used to analyze its possible role in antiviral defense. First, expression analysis showed that ACS6, unlike WRKY8, was strongly induced by TMV-cg infection in systemically infected leaves (Fig. 5A) . Second, as shown in Fig. 5D , mutation of acs6 (Fig. S2B ) significantly inhibited TMV-cg accumulation in systemic leaves. In the upper systemic leaves of infected plants, accumulation of viral RNAs was delayed for 1 d and also was greatly decreased in acs6-mutant plants. Another ET-responsive gene, ERF104, which previously was shown to be involved in plant basal immunity and stress-related interfascicular cambium initiation (47, 48) , was analyzed for its antiviral ability. As shown in Fig. 5 B and D, in addition to its induced expression by TMVcg infection in systemically infected leaves, which is similar to that in acs6 mutants, mutation of erf104 also inhibited TMV-cg in systemic leaves. To dissect the role of ET in antivirus defense further, two other ET-related mutants, ein2 and the octuple acs mutant (acs1/2/4/5/6/7/9/11), were used. As shown in Fig. 5E , mutation in these genes also greatly inhibited the accumulation of TMV-cg in systemic leaves. Thus, based on these results, we deduced that ET plays a negative role in anti-TMV-cg defense; these results also validated the function of WRKY8 in anti-TMVcg defense.
In Vivo Interaction of WRKY8 with Target Promoters. WRKY transcription factors function by binding directly to a putative ciselement, the W-box (T/CTGACC/T), of their target gene promoters (23, 35) . Our data suggested that TMV-cg infection inhibits the accumulation of WRKY8, which positively modulates the expression of positive regulators of antivirus defense involved in the ABA signaling and negatively modulates the expression of ET-synthesized or -responsive genes in ET signaling. Interestingly, by searching the genome sequence, several putative W-box elements were found in the promoters of the genes involved in these pathways, indicating that modulation could be caused partly by direct interaction with WRKY factors, including WRKY8. To examine whether several of the genes are direct targets of WRKY8, in vivo ChIP assays were performed using a transgenic line expressing a WRKY8 cDNA construct with an N-terminal HA tag under the control of its native promoter in the wrky8-1 mutant (designated HA-WRKY8). Formaldehyde cross-linking was performed on control, 6-dpi, and 7-dpi plant material. Based on their clear differential expression profiles of mutant versus wild type in microarray and/or qRT-PCR analyses and on the presence of W-box elements within their respective promoters, we chose ABI4, ACS6, and ERF104 as candidate direct target genes of WRKY8. Then we performed detailed ChIP analyses. As shown in Fig. 6A , WRKY8 interacted with the ABI4 promoter when the primer combinations encompassing either W1 or W3 were used under normal conditions, and there was a stronger interaction between WRKY8 and ABI4 promoter upon TMC-cg interaction. WRKY8 also could bind selectively to several putative W-boxes of the ACS6 and ERF104 promoters under normal conditions, whereas the interaction between the WRKY8 protein and W-boxes of the ACS6 or ERF104 promoters was severely impaired by TMV-cg infection (Fig. 6 B and  C) . These results and the reduction or increase of ABI4, ACS6, and ERF104 transcript levels in wrky8 mutants compared with wild-type plants provide evidence that WRKY8, as a transcription factor, functions as a direct transcriptional activator or repressor of these three genes by binding selectively to the W-box motifs within their promoters.
Discussion
Numerous studies have demonstrated that WRKY transcription factors function as important components in complex signaling processes during various stress responses, especially in biotic stresses. However, far less information is available about the functions of WRKY proteins in antiviral defense than about their functions in defense against bacterial or fungal pathogens. Here, we report the role of a WRKY transcription factor in anti-TMV-cg defense.
Mutation of WRKY8 Affects Virus Long-Distance Movement. We reported previously that WRKY8 is induced by several stressful stimuli and is involved in regulating plant basal defense (43) . In this study, we monitored the transcriptional reprogramming induced by TMV-cg infection, explored the role of WRKY8 in anti-TMV-cg defense, and explained how it regulates its downstream target genes to respond to TMV-cg infection.
We observed no obvious differences between the wild type and mutants in TMV-cg accumulation within locally incubated leaves, indicating that replication appears not to be accelerated in wrky8 mutants. However, an obvious difference between the wild type and wrky8 mutants was observed in systemically infected leaves, especially at 6 dpi. Thus, WRKY8 may play a role in inhibiting long-distance movement of the virus. For the virus to move systemically, it first must load into the vascular system from cells within the primary lesions and then translocate through the phloem, finally to be unloaded at distant susceptible tissues. Based on the GUS staining results, the expression of WRKY8 occurs mainly in the vascular bundles when responding to rubbing treatments, and its expression is inhibited by TMV-cg infection. These results suggest that the WRKY8 might function as an inhibitor of virus transport in vascular bundles.
WRKY8 Is a Negative Regulator for ACS6 or ERF104 Transcription but
Functions as a Positive Regulator for ABI4 Transcription. Virus infection causes numerous biochemical and physiological changes in compatible host plants (49) . At the molecular level, the expression of numerous host genes is affected in both up-regulation and down-regulation (49) . The virus-induced modifications in host gene expression occur transiently and concomitantly with viral replication as they spread from cell to cell away from the site of inoculation. Thus, by determining the expression patterns (B) Expression of ERF104 in wild-type leaves systemically infected by TMV-cg at 3, 4, 5, 6, and 7 dpi. (C) ACC promotes the accumulation of TMV-cg in systemically infected leaves. Three leaves of 26-d-old wild-type plants treated or not treated with 100 μM ACC were inoculated with TMV-cg. Leaf collection, RNA isolation, and RNA blot analysis of TMV-cg CP were performed as in Fig. 1. (D) Mutation of acs6 or erf104 inhibits the accumulation of TMV-cg in systemically infected leaves. Inoculation, leaf collection, RNA isolation, and RNA blot analysis of TMV-cg CP were performed as in Fig. 1 . (E) Mutation of eight acs genes (acs1/2/4/5/6/7/9/11) or ein2 inhibits the accumulation of TMV-cg in systemically infected leaves. Inoculation, leaf collection, RNA isolation, and RNA blot analysis of TMV-cg CP were performed as in Fig. 1 . These experiments were repeated at least twice with similar results.
of the host plant during virus infection, researchers may obtain some clues to understand the complex interactions between the virus and its host plant.
TMV-cg can infect Arabidopsis plants efficiently but does not cause severe symptoms, nor does it induce cell death; thus it is an excellent model for studying virus-plant interactions (45) . The qRT-PCR and microarray results showed that ABI4, one possible downstream target gene of WRKY8, was reduced by TMV-cg infection in systemically infected leaves, whereas the other possible target genes, ACS6 or ERF104, were strongly induced. Thus, the expression of ABI4 was similar to that of WRKY8, but ACS6 and ERF104 had the opposite pattern. Therefore, we proposed that WRKY8 might positively modulate the expression of positive regulators of antivirus defense involved in the ABA signaling while negatively modulating the expression of ET-synthesized or -responsive genes in ET signaling. The involvement of WRKY8 in the anti-TMV-cg defense response may be mediated via these two pathways.
Roles of ET and ABA in Anti-TMV-cg Defense. Several previous studies showed that ET signaling might play an important role in antiviral defense. Overexpression of NtERF5, an ET-response transcription factor, conferred enhanced resistance to tobacco mosaic virus infection, showing reduced size of local hypersensitive-response lesions and impaired systemic spread of the virus (50) . Mutations in two ET-signaling components, etr1 and ein2, delayed the formation of systemic symptoms caused by CaMV infection compared with the wild-type components (20) . The results presented here also suggest that WRKY8 mediates ETsignaling pathways that are involved in anti-TMV-cg defense. In wrky8 mutants, several ET-synthesized or responsive transcription factors, such as ACS6 and ERF104, were more strongly induced in TMV-cg systemically infected leaves. Functional analysis using mutants showed that acs6, erf104, ein2, or octuple acs mutants had reduced accumulation of TMV-cg RNA in systemically infected leaves compared with the wild type, indicating an important role of ET in anti-TMV-cg defense.
ET (C2H4), an important plant hormone, is involved in both developmental processes and stress responses in plants (51) . Various stresses, such as wounding, drought, and pathogen/insect invasion, enhance the production of ET (52) (53) (54) . ACC synthases function as the rate-limiting enzymes during ET biosynthesis (55) . ACS6 is a type I ACS isoform, one of nine ACS members. Interestingly, the expression of each ACS gene is differentially regulated by developmental and environmental signals (52, (55) (56) (57) , suggesting their unique and overlapping functions during plant growth and stress response. Although at least three ACS genes (ACS2, ACS6, and ACS7) were strongly activated by B. cinerea infection (39), only ACS6 showed relatively higher expression upon TMV-cg infection in systemically infected leaves, suggesting that ACS6 may play a major role in anti-TMV-cg defense. ERF104, an ET response factor that previously was shown to participate in plant resistance to nonadapted bacterial pathogens (47) , is also involved in anti-TMV-cg defense. Consistent with our results, exogenous applications of ACC also induce susceptibility to TMV-cg infection. Thus, our results demonstrate that ET plays a negative role in TMV-cg-plant interactions.
The plant hormone ABA is a stress hormone that has essential roles in the initiation of adaptive responses to various environmental conditions. ABA has both negative and positive roles in plant biotic stress responses, and its efficacy is dependent on the host-pathogen combination (46) . In plant-virus interactions, several previous studies demonstrated a positive correlation between ABA levels and antiviral resistance. In tobacco, exogenous application of ABA increases resistance to TMV infection, and TMV infection also increases ABA concentrations (58) . Recently, Iriti and Faoro (59) showed that exogenous application of ABA induces a significant resistance to tobacco necrosis virus. Furthermore, ABA also can exert its positive effect on virus infection by downregulating the transcriptional level of β-1,3-glucanase genes (19) . Our results also suggest that ABA plays an important role in defense against TMV-cg infection. Exogenous application of ABA greatly inhibited the accumulation of TMV-cg RNA in systemically infected leaves; studies using both ABA-deficient and -insensitive mutants showed that the transportation of TMV-cg was faster in these ABA-related mutants than in wild-type plants. Thus, our results also showed that ABA has a positive role in TMV-cg infection.
Mechanism of ABI4, ACS6, and ERF104 Regulated by WRKY8. Although different WRKY genes may have different functions, they act primarily by binding to cis-acting DNA elements with the minimal consensus T/CTGACC/T W-box sequence in the promoters of specific targets to modulate the temporal and spatial expression of these genes (23, 35) . Both the differential expression patterns of WRKY genes under various environmental conditions and the transcriptional-activating or -repressing activity of WRKY proteins may constitute molecular mechanisms by which they perform their specific roles. In addition, WRKY proteins could constitutively occupy the W-box sequences in the promoters of defense genes under normal growth conditions; however, upon infection or elicitor treatment, they may be competitively displaced by other family members (60) .
As shown in Fig. S4 , WRKY8 shows basal expression in various tissues. Therefore, WRKY8 protein is present in the preformed WRKY factor pool and may mediate transcriptional activation or repression of potential target genes. Based on our ChIP results, when plants were not affected by TMV-cg, WRKY8 repressed ACS6 expression by binding to W-boxes upstream in the ACS6 promoter to reduce ET production. Upon TMV-cg infection, consistent with the inhibited expression of WRKY8, the direct binding of WRKY8 protein to ACS6 promoter was released, and the expression of ACS6 or ERF104 was induced to enhance ET production or ET signaling, ultimately promoting the systemic transport of TMV-cg in infected host plants. In contrast, during infection, WRKY8 binds to the W-box elements upstream in the ABI4 promoter, increasing its expression. Therefore, based on our results, WRKY8 participates in TMV-cg defense through both the ET-and ABA-signaling pathways.
Our results suggested that WRKY8 might mediate crosstalk between ET and ABA signaling when plants are infected by TMV-cg. In the compatible TMV-cg-Arabidopsis interaction, to infect Arabidopsis systemically, TMV-cg may use an unknown mechanism to repress ABA signaling, in addition to enhanced ET synthesis and signaling to facilitate long-distant movement. Thus, WRKY8 may participate in TMV-cg defense by counteracting the effect of TMV-cg host modification. Finally, we propose a simplified model to depict the role of WRKY8 during TMV-cgArabidopsis interaction (Fig. 7) .
Based on our results, we deduced that ET and ABA have opposite roles in the anti-TMV-cg defense response and may interact antagonistically during plant-virus interaction. Indeed, numerous studies have shown that ABA interacts with ET-mediated signaling. High concentrations of ABA inhibit ET production, and the ABAand ET-signaling pathways interact mostly antagonistically both during plant development and in the stress response (61) (62) (63) (64) . Elucidating the role of WRKY-mediated ET and ABA signaling in anti-TMV-cg defense adds to our understanding of the complicated phenomenon of plant-virus interaction.
Materials and Methods
Materials. We obtained [
32 P]-dATP (>3,000 Ci/mmol) from the Beijing Furui Biotechnology Co., Ltd. ABA, SA, ACC, and X-glucuronide were purchased from Sigma Co. Ltd; Taq DNA polymerase was purchased from TaKaRa Biotechnology (Dalian) Co. Ltd; and agarose and agar were from purchased from Shanghai Sangon Biotechnology Co. Ltd. Arabidopsis thaliana plants were grown in an artificial growth chamber at 22°C under 180 μE·m 2 ·sec
light with a 10-h light/14-h dark photoperiod. Columbia-0 (Col) was used as the wild type. We obtained wrky8, asc6, erf104, abi4, aba1, aba2, aba3, and octuple acs mutant (CS16651, acs1/2/4/5/6/7/9/11) from the Arabidopsis Biological Resource Center. ein2 were kindly gifted by Zhixiang Chen (Department of Botany and Plant Pathology, Purdue University, West Lafayette, IN). Two homozygous T 3 lines of pWRKY8:GUS transgenic plants (carrying the reporter gene driven by a 1.75-kb promoter fragment of WRKY8) were used in GUS staining (43) .
Induction Treatments. SA was dissolved in water as a 100-mM stock solution and was adjusted to pH 6.5 with KOH. Plants were sprayed with a 2-mM SA solution diluted from the stock. ACC was dissolved in water, and a 2-mM solution was sprayed onto plants. First, 14.1 mg of ABA was dissolved in 90 μL ethanol; then water was added to obtain a 10-mM stock solution. The ABA stock solution was diluted to 100 μM with water and sprayed onto plants.
Northern Blotting and qRT-PCR Analysis. For Northern blotting analyses, total RNA was extracted using TRIzol reagent (Invitrogen). Approximately 3 μg of RNA was separated on an agarose-formaldehyde gel and then was blotted onto nylon membranes following standard procedures. The membranes were hybridized with (α-32 P) -dATP-labeled DNA probes. Hybridization was performed in PerfectHyb Plus Hybridization Buffer (Sigma) for 16 h at 68°C. The membranes were washed once for 10 min with 2× SSC and 0.5% SDS, twice for 20 min with 0.5× SSC and 0.1% SDS, and once for 20 min with 0.1× SSC and 0.1% SDS at 68°C and then were exposed to X-ray films at −80°C. DNA probes for PR2 and TMV-cg CP were obtained from PCR amplifications. The gene-specific primers used are listed in Table S2 .
For qRT-PCR analysis, total RNA was extracted using TRIzol reagent (Invitrogen) and was treated with RNase-free DNase (Fermentas) according to the manufacturer's instructions. Total RNA (1 μg) was reverse-transcribed in a 20-μL reaction mixture using the SuperScript II (Invitrogen). After the reaction, 1-μL aliquots were used as templates for qRT-PCR. Half-reactions (10 μL each) were performed with the Lightcycler FastStart DNA Master SYBR Green I Kit (Roche) on a Roche LightCycler 480 real-time PCR machine, according to the manufacturer's instructions. ACT2 (AT3G18780) was used as a control in qRT-PCR. The primers used for qRT-PCR amplification of different genes are listed in Table S2 .
GUS Staining. Histochemical detection of GUS activity was performed with 5-bromo-4-chloro-3-indolyl b-D-glucuronic acid (X-gluc) as the substrate. Plant tissues first were prefixed in ice-cold 90% (vol/vol) acetone for 20 min and then were washed three times with GUS staining buffer (without X-gluc) before incubation in X-gluc solution [1 mM X-gluc, 50 mM NaPO4 (pH 7), 1 mM K 3 Fe(CN) 6 , 1 mM K 4 Fe(CN) 6 , and 0.05% Triton X-100] under a vacuum for 10 min at room temperature and then were incubated overnight at 37°C. Chlorophyll was removed using several changes of 70% (vol/ vol) ethanol, and the tissues were photographed.
Virus Infection. Inoculation of Arabidopsis plants with TMV-cg was performed as previously described (15) . TMV-cg was mechanically inoculated on the third, fourth, and fifth true leaves of plants by rubbing the leaf with Fig. 7 . A simplified model for the function of WRKY8 during TMV-cgArabidopsis interaction. Wounding or ABA treatment induces WRKY8 expression, whereas infection by TMV-cg inhibits WRKY8 expression. WRKY8 participates in the TMV-cg defense response by both activating the expression of ABI4 and repressing ET-related genes such as ACS6 and ERF104 during TMV-cg-Arabidopsis interaction.
the virus (5 μg/mL solution in 5 mM sodium phosphate, pH 7.5) mixed with carborundum. Mock inoculation was performed with the phosphate buffer only.
Affymetrix Microarray Analysis. An Affymetrix microarray chip covering ∼22,747 genes was used. Preparation of cDNA from total RNA and hybridization to ATH1 Arabidopsis Genome Arrays (Affymetrix Inc.) was performed by the Shanghai Jintai Biological Technology Co. Ltd. in accordance with the standard manufacturer's protocol (Affymetrix 2001). The resulting data files were normalized and analyzed with Expression Console (Affymetrix) and Partek Genomics Suite 6.4 (Partek Inc) and were processed with Microsoft Excel and Access (Microsoft). The expression profiles of TMV-cg-infected wrky8-1 and wild-type plants were compared 6 dpi.
ChIP Assays. ChIP assays were performed essentially in accordance with previously described protocols (65) . A transgenic line was created expressing a WRKY8 cDNA construct with an N-terminal HA tag under the control of its native promoter (2,577 bp) in wrky8-1 mutant plants (designated HA-WRKY8). The 26-d-old HA-WRKY8 plants were incubated with TMV-cg for 0, 6, or 7 d, and then these materials were used for ChIP assays. An HA antibody (Thermofisher Pierce) was used to immunoprecipitate the protein-DNA complex, and the precipitated DNA was purified using a PCR purification kit for qRT-PCR analysis. The ChIP experiments were performed three times. Chromatin precipitated without antibody was used as the negative control, and the isolated chromatin before precipitation was used as the input control. ChIP results are presented as a percentage of input DNA. The primers used for qRT-PCR amplification of different promoters are listed in Table S2 .
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Chen et al. 10 .1073/pnas.1221347110 Fig. S1 . Mutation of wrky8, abi4, aba1, acs6, erf104, ein2, or octuple acs mutant does not greatly affect the accumulation of crucifer-infecting tobacco mosaic virus (TMV-cg) in locally infected leaves. The third, fourth, and fifth true leaves of 26-d-old wild-type plants and related mutants were inoculated with TMV-cg (5 μg/mL solution in 5 mM sodium phosphate, pH 7.5), and RNA samples were prepared from locally incubated leaves at 3, 4, 5, 6, and 7 d postinfection (dpi) with TMV-cg. RT-PCR was performed using TMV-cg coat protein (CP) primers, and the Actin2 gene was used as an internal control for an equal volume of cDNA. Data presented are representative of results obtained from three replicate experiments. Primers used for quantitative RT-PCR (qRT-PCR) amplification of different promoters ABI4-W1-1 5′-AACTTAGTGAGCAAAGCATTG-3′ ABI4-W1-2 5′-CCAATCTCAATCATTCACG-3′ ABI4-W2-1 5′-ATTTGTCTCTTAATTTCAATGGTATAAG-3′ ABI4-W2-2 5′-GACCCACAAATATAACAAATGG-3′ ABI4-W3-1 5′-TAAGATTAATAAAAGGTGTAGTATCCAAA-3′ ABI4-W3-2 5′-TTCATTTAGTCCACTTAACACCA-3′ ACS6-W1-1 5′-TGGTTCCTGATTCCTACTCTT-3′ ACS6-W1-2 5′-CACGTGTCTTTATATTATTGGTCTAAT-3′ ACS6-W2,3-1 5′-AATAGACCGCCTTTACAGAAG-3′ ACS6-W2,3-2 5′-TAGTTAGTTACATGTGGGTGGTC-3′ ACS6-W4,5-1 5′-ATACATGAACAAAGATAAGTATTAGTAGTACAC-3′ ACS6-W4,5-2 5′-TAGAATCAGTAATGTTGATAGTGGC-3′ ACS6-W6-1 5′-GATGACCTAATTGGCCTGA-3′ ACS6-W6-2 5′-GCTTTTCGTTATCCGTTCA-3′ ACS6-W7-1 5′-GTACTCTCAGGTCCCCCA-3′ ACS6-W7-2 5′-ATTACAACGAAAGTTCCATGAA-3′ ERF104-W1-1 5′-TGAATTTGGGAAAAGTCCTAA-3′ ERF104-W1-2 5′-TTAACACTCGTTGGCACC-3′ ERF104-W2-1 5′-CTCTTATTCCCACTTCCACA-3′ ERF104-W2-2 5′-GAAATCGATGGCTAAAGCTT-3′ Primers used for RT-PCR or qRT-PCR analysis of gene expression WRKY8-1 5′- ATGATCTCTTCCGTGTGCCA-3′  WRKY8-2  5′-ATCATCAAGGCTCTTGTTTGAAGA -3′  ACS6-1  5′-GGAGGAGACTAAACCGATGGCTGC-3′  ACS6-2:  5′-GGCACAGGCGAATGAGGCGA-3′  ERF104-1  5′-AGCGGCGTTTCAATTACGTG-3′  ERF104-2  5′-GGCGGAGAACCCTTATCTCG-3′  ABI4-1  5′-GGGCAGGAACAAGGAGGAAG-3′  ABI4-2  5′-TAACCCGGATCCAGACCCAT-3′  ABA1-1  5′-CGAAGATGCATGCTCGTGTG-3′  ABA1-2  5′-TGTCGGACGATCTAAACCGC-3′  ABA2-1  5′-ACTCGCTTTGGCTCATTTGC-3′  ABA2-2  5′-ACAGAACAGCGTTCGCTACA-3′  ABA3-1  5′-GGGGCTGCTGTATGTGTTCT-3′  ABA3-2  5′-AAGCAAGCTTCTCCACCTCC-3′  PR1-1  5′-GCAGCCTATGCTCGGAGCTAC-3′  PR1-2  5′-TCCATTGCACGTGTTCGCAGC-3′  TMV-CP-1  5′-GCGATTGTGACACCAAACCAGCG-3′  TMV-CP-2  5′-TCGGAAGCCGATGGACGCGA-3′  ACTIN2-1  5′-TGTGCCAATCTACGAGGGTTT-3′  ACTIN2-2  5′-TTTCCCGCTCTGCTGTTGT-3′  Primers used for PCR amplifications for Northern blot analysis  PR2-1  5′-TCCCTTGCTCGTGAATCTCT-3′  PR2-2  5′-TCGGTGATCCATTCTTCACA-3′  TMV-CP-3  5′-atgtcttacaacatcacgagctcg-3′  TMV-CP-4 5′-CTATGTAGCCGGAGCAGTAGTCC-3′
